We explore the correlations between primordial non-Gaussianity and isocurvature perturbation. We sketch the generic relation between the bispectrum of the curvature perturbation and the cross-correlation power spectrum in the presence of explicit couplings between the inflaton and another light field which gives rise to isocurvature perturbation. Using a concrete model of a Peccei-Quinn type field with generic gravitational couplings, we illustrate explicitly how the primordial bispectrum correlates with the cross-correlation power spectrum. Assuming the resulting bispectrum is large, we find that the form of the correlation depends mostly upon the inflation model but only weakly on the axion parameters.
Introduction
Inflation [1, 2] is widely considered as the best candidate to explain the origin of the primordial fluctuations in our universe, and has been well tested by cosmic microwave background (CMB) observations, most recently by the Planck mission [3] . The simplest scenario involves a single scalar field slowly rolling down a flat potential [2] . However, when embedded in ultraviolet complete theories such as string theory [4] , it is not likely that such a simple description of single field inflation remains legitimate throughout the whole inflationary epoch, as in general additional degrees of freedom become dynamically relevant during inflation.
It is illustrative to consider the field trajectory in the field space to see how these additional degrees of freedom affect the inflationary predictions. While in single field inflation we have only a single direction along which the inflaton moves straightly, in multi-field space we have more than two directions and thus the trajectory is in general curved. As the component of field fluctuations along the trajectory is associated with the curvature perturbation, those orthogonal to the trajectory are responsible for the isocurvature perturbations [5] . What is important here is that since the field trajectory is in general curved, the fluctuation along the trajectory at a moment receives contributions from those orthogonal to the trajectory before. In other words, the curvature and isocurvature perturbations are correlated [5, 6] .
Thus, on general ground the existence of isocurvature perturbations can be interpreted as a proof of additional degrees of freedom in the early universe. Even if the isocurvature perturbations themselves are too small to be detected, their correlation to the curvature perturbation can lead to distinctive observational signatures. It is thus useful and important to study how observables are correlated with and sourced by isocurvature perturbations on completely general ground. In this article, we concentrate on the correlations between primordial non-Gaussianity and isocurvature perturbations due to interactions at horizon-crossing, whereas previous studies focus on correlations due to non-linear evolution on super-horizon scales [7] .
This article is organised as follows: in Section 2, we discuss the general structure of threepoint interaction terms between the inflaton and an isocurvature field, and how the resulting bispectrum B R correlates with the cross-correlation power spectrum P C . We then illustrate this general feature using a concrete example involving a Peccei-Quinn (PQ) type field, which interacts with the inflaton via a gravitationally induced coupling in Section 3. We subsequently conclude in Section 4.
General structure of correlations
For simplicity, let us consider a generic two-field system, one being the inflaton φ and the other being a spectator field θ that survives after thermalisation and becomes responsible for the isocurvature perturbation I at late times. We also assume the curvature perturbation R is purely sourced by the inflaton fluctuations. In such a system, the three-point correlation function of the curvature perturbation R may receive additional contributions from θ [8] via the quadratic interaction H I 2 ∼ θφ which is responsible for the cross-correlation power spectrum P C . The resulting bispectrum of the curvature perturbation B R is therefore correlated with P C , giving additional constraints to the spectator field θ.
To see this explicitly, we decompose the cubic interaction Hamiltonian as
Figure 1: Feynman diagrams for the contributions of H 3 given by (1) to the inflaton three-point function.
is the intrinsic three-point inflaton self-interaction, which is of O(ǫ) and is usually slow-roll suppressed [9] .
contribute via interactions with the isocurvature field.
Axion with gravitationally induced interactions
Having discussed concisely the generic correlation structure between the bispectrum of the curvature perturbation B R and the cross-correlation power spectrum P C in a generic two-field system, we now explicitly illustrate this generic behaviour using a concrete model. The model Lagrangian in the matter sector is [10] 
where φ is the inflaton field and V inf (φ) is its potential. We do not envisage any specific form of V inf (φ), as long as it can successfully support an inflationary epoch. The complex field Φ is a Peccei-Quinn (PQ) type field [11] , which can be decomposed into real radial and angular components, r and θ respectively, as
The corresponding potential is the standard symmetry-breaking type,
2 , so that the radial field is minimised at r 0 = f a with f a being the symmetry breaking scale. Assuming the radial field completely settles down at the minimum, we may identify the axion as the angular field a ≡ f a θ.
For concreteness, we consider a toy but generic dimension-5 interaction that can be gravitationally induced [12] ,
Additionally, overall we may add a cosmological constant to make the entire potential nearly vanishing at the global minimum. We shall associate the inflaton and axion fluctuations with the curvature and isocurvature perturbations respectively as
Here the subscript 0 denotes the homogeneous background field values. Given the Lagrangian, we can straightly compute the correlation functions of the curvature and isocurvature perturbations using the in-in formalism [9, 13] . The leading order contributions to the interaction Hamiltonian come from the gravitationally induced interaction term in the matter sector, which at quadratic and cubic orders are
The power spectra of the curvature and isocurvature perturbations, and their cross-correlation are
where the indices of Hankel functions are defined as ν φ ≡ 9/4 − m 2 φ /H 2 with m 2 φ being the mass of φ and similarly for ν θ . A is an integral involving the Hankel functions, defined
ν θ (x) . If we naively perform this integral to leading order in ν φ ≈ 3/2 and ν θ ≈ 3/2 with a lower cutoff x c , A ∼ log x c so it is logarithmically divergent. But taking into account the asymptotic behaviour of the curvature perturbation at later times, we may evaluate A at an arbitrary value of x c as long as exp [−1/O(ǫ)] < x c < 1 [14] , giving A ∼ −0.45.
Next we consider the primordial bispectrum of the curvature perturbation B R that arises from the cubic interaction Hamiltonian. There are two contributions: one from the axion cubic self-interaction H (self2) 3 ∼ θ 3 and another from the cubic cross-interaction H (cross2) 3 ∼ θ 2 φ. We therefore expect the resulting bispectra scale as P 3 C for the former interaction and P 2 C √ P R for the latter one. After some straightforward calculations [15] , we find the resulting bispectra of the curvature perturbation are of the form, to leading order in the limit ν φ ≈ 3/2 and ν θ ≈ 3/2,
The amplitude of the bispectrum is usually measured in terms of the non-linear parameter f NL [16] . The current constraints on f NL by Planck are f = −26 ± 21 at 68% confidence level [17] . Having in mind f NL , we define a dimensionless shape function as
The corresponding shape functions for the bispectra B 
We can see the resulting non-linear parameters are shape independent. It is also convenient to express P C in terms of fractions of the isocurvature perturbation and cross-correlation, defined as
For generic cold dark matter isocurvature perturbation, at k = 0.002Mpc −1 the upper bound from Planck TT, TE, EE + lowP + WP is β I 0.021 [3] . On the other hand, there is currently no constraints on β C . Recent study has shown |β C | needs to be of O(0.1) for forthcoming CMB experiments to be sensitive to the isocurvature cross-correlation [10] . With the definitions (17), we can see how the observables are correlated in general
1 Note this definition of β I is slightly different from β iso used in [3] . They are related by β I = β iso / (1 − β iso ).
Consistency checks
There are implicit non-trivial constraints for the perturbation theory to remain valid, which also constrain the conditions for realising a large f NL given by (16) . In order to treat the transfer vertex H I 2 as a small perturbation, the correction to the curvature perturbation power spectrum P R due to H I 2 must be subleading compared to the leading piece (10) . Explicitly, the correction is given by
where D is an integral involving the Hankel functions defined as 
Notice that this also means P C √ P R P I . Using (21), we can see f 
This can be achieved by setting φ 0 ∼ O(m Pl ) and f a ≪ O(m Pl ). Similarly, since the coupling γ is related to the mass of the PQ field m θ , we can see f
which is possible only if φ 0 is sub-Planckian. We can see the two conditions (22) and (23) are mutually exclusive in general. We therefore conclude only one of them can be made large and the resulting non-linear parameter f NL either scales as P 3 C or P 2 C √ P R . These results appear mainly due to the fact that the quadratic and cubic interaction Hamiltonians all arise from the same gravitationally induced interaction term (5).
Our results also apply to more general cases where the gravitationally induced interaction between the inflaton φ and the PQ field Φ is of the form
For m ≥ 2, the cross-interaction φ 2 θ is also present, and contributes to f NL which is directly correlated with β C , f
Whether or not this contribution can be comparable to f 
Conclusions
In this article, we have studied the correlations between primordial non-Gaussianity and isocurvature perturbation due to horizon-crossing interactions on general ground. In the presence of explicit couplings between the inflaton and another light field that later produces isocurvature perturbation, the bispectrum of the curvature perturbation receives contributions from the conversion of isocurvature perturbation. These contributions can be written in terms of the cross-correlation power spectrum. Taking the gravitationally induced coupling of an axion-like field as an explicit example, we have shown that the primordial bispectrum correlates with the cross-correlation power spectrum as B R ∼ P 3 C or B R ∼ P 2 C √ P R , depending on the inflation model.
Besides the standard cold inflation scenario we have considered here, isocurvature perturbations can also arise naturally in warm inflation models via warm baryogenesis [18] . In such scenario, one should consider an inflaton-fluid system instead. We hope to investigate the possible correlations between the resulting isocurvature perturbation and primordial non-Gaussianity in such scenario in the future.
